Atom detection and photon production in a scalable, open, optical
  microcavity by Trupke, M. et al.
ar
X
iv
:0
71
0.
21
16
v1
  [
qu
an
t-p
h]
  1
0 O
ct 
20
07
Atom detection and photon production in a scalable, open, optical microcavity
M. Trupke, J. Goldwin, B. Darquie´, G. Dutier,∗ S. Eriksson, J. Ashmore, and E. A. Hinds
Centre for Cold Matter, Imperial College, Prince Consort Road, London SW7 2BW, United Kingdom
(Dated: December 7, 2018)
A microfabricated Fabry-Perot optical resonator has been used for atom detection and photon
production with less than 1 atom on average in the cavity mode. Our cavity design combines the
intrinsic scalability of microfabrication processes with direct coupling of the cavity field to single-
mode optical waveguides or fibers. The presence of the atom is seen through changes in both
the intensity and the noise characteristics of probe light reflected from the cavity input mirror. An
excitation laser passing transversely through the cavity triggers photon emission into the cavity mode
and hence into the single-mode fiber. These are first steps towards building an optical microcavity
network on an atom chip for applications in quantum information processing.
PACS numbers: 42.50.Pq, 03.67.Lx, 03.75.Be
When a neutral atom is placed in a high-finesse optical
cavity, the electric dipole coupling between the atom and
the light field can lead to quantum coherence between
the two. This fact forms the basis of cavity quantum
electrodynamics (QED) [1]. Recently, there has been
considerable interest in the possibility of applying cav-
ity QED to problems in quantum information process-
ing, as reviewed, for example, in Ref. [2]. Single pho-
tons have been generated on demand from falling [3]
and trapped [4] atoms in high-finesse Fabry-Perot cavi-
ties, and recent experiments have investigated the cavity-
assisted generation of single photons from atomic en-
sembles [5]. These are important steps towards build-
ing multiple-cavity quantum information networks, such
as those proposed in Ref. [6]. However, experiments so
far have been limited to single cavities by the technical
demands of achieving high enough finesse. Outstand-
ing challenges now are to make the cavities smaller, to
fabricate them in large numbers with the possibility of
multiple interconnects, and to load them conveniently
and deterministically with atoms. This would pave the
way to circuit-model quantum computers [7], to one-way
computations based on cluster states [8], and to other
schemes requiring multiple cavities [9].
As a first move in this direction, two recent experi-
ments have used a small magnetic guide to load atoms
into a cavity [10]. However the cavities in these ex-
periments were 2-3 cm long and therefore not more scal-
able than a conventional Fabry-Perot cavity. By con-
trast, Aoki et al. have dropped atoms close to a micro-
scopic toroidal cavity and observed evidence of strong
coupling [11]. These resonators can be microfabricated
in large arrays, however they are not easily used for con-
trolled atom-cavity coupling because of the need to posi-
tion the atom very precisely in the evanescent field just
outside the surface of the resonator. For this reason it is
of interest to consider microscopic Fabry-Perot cavities,
whose open structure gives access to the central part of
the cavity field. In one recent design [12], the two mirrors
of such a resonator are formed by optical fibers whose tips
have been modified into concave reflectors. This design
can achieve small mode volumes and can collect the light
efficiently, but is not easily scaled.
In collaboration with the group of M. Kraft, we have
developed a unique resonator design using curved mi-
cromirrors fabricated at desired positions on a silicon
wafer [13, 14]. The cavities are closed by plane mir-
rors on the ends of optical fibers or waveguides. This
design combines the intrinsic scalability of microfabri-
cation processes with direct coupling of the cavity field
to single-mode optical waveguides or fibers. Advances
in the production of etched waveguides [15] and plane-
ended fiber arrays, together with the recent production of
etched three-dimensional actuators [16], promise to make
these cavities fully integrated and scalable. Here we re-
port on the first use of such cavities to detect atoms and
produce photons. We study the reflection spectrum and
noise characteristics of the coupled atom-cavity system
and we trigger the cavity-enhanced emission of a few pho-
tons from the atoms into the fiber. These are all essential
steps towards integrating the cavities on an atom chip for
quantum information processing.
The paraxial TEM00 cavity mode with wavenum-
ber k has an intensity distribution given by D(ρ, z) =
(w0/w)
2 sin2(kz) exp(−2ρ2/w2), where w characterizes
the transverse size of the mode, w0 is its minimum value,
and ρ, z are the cylindrical coordinates. The integral of
this distribution over a cavity of length L gives the mode
volume V = piw20L/4, and the weighted sum over the po-
sitions of the atoms
∑
j D(ρj , zj) ≡ N defines the effec-
tive number of atoms in the cavity. For an atom placed
at the maximum of D, the coherent atom-cavity cou-
pling is characterized by g0 = µ
√
ωC/(2h¯ ε0V ), where µ
is the electric dipole transition moment, ωC is the an-
gular frequency of the mode, and ε0 is the free-space
permittivity. Our microfabricated cavities give large val-
ues of g0 by virtue of their extremely small mode vol-
ume. For example, the experiments described here use
a cavity with L = 130µm and w0 = 4.6µm. This gives
g0 = 6.1 × 108 s−1 for σ±-polarized light driving the cy-
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FIG. 1: Apparatus (not to scale). Graph: change in reflected
probe light as atoms traverse the cavity. Averaging window:
250µs. Laser, cavity and atom frequencies are equal: ωL =
ωC = ωA. Atoms are released from optical molasses at time
t = 0, and 34 identical drops are averaged. There are ∼ 0.7
atoms in the cavity on average at the peak.
cling transition |F = 3,M = ±3〉 → |F ′ = 4,M ′ = ±4〉
of the D2 line in
85Rb, which is used in this work. This
rate is equal to half the single-photon Rabi frequency. It
is to be compared with γ = 1.9 × 107 s−1 [17], which is
half the natural decay rate of the excited atomic popula-
tion and with κ, which is half the decay rate of power in
the cavity. The rate κ is related to the cavity finesse F by
κ = pic/(2LF) (c is the speed of light), and hence to the
reflectivities of the mirrors [18]. Although we have pre-
viously made microcavities with finesse F > 5000 [13],
these first experiments with atoms use F = 280, corre-
sponding to κ = 1.3 × 1010 s−1. From these three rates,
one can construct the dimensionless parameter κγ/g20,
which is the number of atoms needed to modify the cav-
ity field appreciably [1, 19]. This has the value 0.7 for
this work, indicating that a single atom is enough to sig-
nificantly effect the cavity field.
The apparatus is shown in Fig. 1. Two fibers with
plane dielectric mirrors on their ends are held in parallel
grooves 2mm apart on a glass-ceramic substrate. The
fibers face two of an array of concave mirrors etched into
a silicon wafer on a 500µm square grid. These mirrors
have a 186µm radius of curvature and 100µm diameter,
and they are coated with a dielectric multilayer to re-
flect light at 780 nm. The silicon mirror chip is mounted
on a translator (PZT), which is adjusted every 100ms
under computer control to tune the upper cavity to the
free-space atomic resonance. Both cavities can be run
simultaneously, but in this work the lower cavity was
not used. A mirror is used to form a magneto-optical
trap (MOT) 6mm above the active cavity, where up to
4 × 107 cold 85Rb atoms are collected. The magnetic
quadrupole field of the MOT is switched off and opti-
cal molasses [20] cools the cloud over 15ms to ∼ 30µK.
The light is then shut off, allowing the atoms to fall
into the microcavity through a 1mm hole in the mir-
ror. Weak probe light (typically ∼ 1 pW) is incident
on the upper cavity through a beamsplitter and the re-
flected photons are counted in 10µs bins by a Perkin
Elmer SPCM-AQR-14 avalanche photodiode (APD) to
detect the presence or absence of atoms. For the ex-
periment presented in Fig. 1, probe light reflected from
the cavity input mirror produces an APD count rate far
from resonance of I0 = 419× 103 s−1. At resonance, this
drops to I1 = 272 × 103 s−1 through interference with
the field returning from within the cavity via the input
mirror. This is the base level of the graph in Fig. 1.
With the arrival of atoms, the count rate rises to a peak
of I2 = 315× 103 s−1 because the field in the cavity, and
hence the field leaking back out through the input mirror,
is reduced by the presence of the atoms. At resonance,
the ratio of intra-cavity fields with no atoms and with N
atoms is just (
√
I0−
√
I1)/(
√
I0−
√
I2), which equates to
(1 +Ng2/κγ) [1]. Since the Zeeman sublevels are mixed
in the optical molasses, we take g2 = (3/7) g20, where the
factor of 3/7 averages over all the F = 3 sublevels. The
solid curve in Fig. 1 is a fit to this model for a cloud with
Gaussian density distribution, which givesN = 0.7 at the
peak. We expect this result to be a slight underestimate
because the number of atoms is randomly fluctuating and
the reflected power is a nonlinear function of that num-
ber, saturating at higher values. Nevertheless, it shows
that N ≃ 1, in agreement with our knowledge of the
initial atom number and temperature in the MOT.
For a more detailed study, we have measured the frac-
tion of power reflected at the atom peak I2/I0 as a func-
tion of the probe laser frequency ωL, keeping the cavity
frequency ωC centered on the atomic resonance frequency
ωA. The data points in Fig. 2 show the result of this scan
for two different values of the initial atom number in the
MOT. The solid lines are a fit to the functional depen-
dence [21, 22]
I2
I0
=
[
1 + Ng
2/(κγ)
1+(∆/γ)2 − β
]2
+
(
∆
κ
)2 [
1− N(g/γ)21+(∆/γ)2
]2
[
1 + Ng
2/(κγ)
1+(∆/γ)2
]2
+
(
∆
κ
)2 [
1− N(g/γ)21+(∆/γ)2
]2 , (1)
where ∆ = ωL − ωC,A is the probe laser detuning. The
parameter β characterizes the maximum fringe contrast,
and can be determined from the response of the resonant
empty cavity, according to I1/I0 = (1 − β)2. For our
parameters, Eq.(1) describes a spectrum whose peak and
width both increase with N . In order to account for num-
ber fluctuations, we fit this formula to the data using a
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FIG. 2: Peak probe laser reflection with ωC = ωA versus
detuning (ωL−ωA)/2pi for different initial MOT numbers. (a):
〈N〉 = 1.1 atoms in the cavity; full-width at half-maximum
2.1 × 2γ. (b): 〈N〉 = 0.6; width 1.7 × 2γ. Solid curves are
Monte Carlo fits to the data using Eq. (1).
Monte Carlo simulation, similar to that of Ref. [22], but
with two additions. First, because our Rayleigh length
zR = w
2
0/(2k) is comparable to the cavity length, we in-
clude in our model the variation of the transverse mode
size w = w0
√
1 + (z/zR)2. Second, we convolve the cal-
culated spectra with a Lorentzian to account for the mea-
sured linewidth of our probe laser, which is 1.2MHz. The
Monte-Carlo fits shown in Figs. 2(a) and 2(b) yield aver-
age atom numbers of 〈N〉 = 1.1 and 0.64, with spectral
widths of 2.1× 2γ and 1.7× 2γ, respectively. This result
demonstrates that our microcavities can measure very
small atom numbers, even at such modest finesse.
Another way to detect the arrival of atoms in the cav-
ity is through the photon statistics. Therefore, we per-
formed 48 drops of the atom cloud, recording the APD
signal versus time as a series of counts m, each being the
integral of the rate over a time interval τ = 10µs. These
counts were corrected [23] for the measured dead time of
the detector τd = 44 ns according to n = m/(1−mτd/τ).
The normalized variance of the counts f(n) ≡ Var(n)/〈n〉
was then corrected [24] for the 90% beam splitter trans-
mission and the 60% APD quantum efficiency according
to fcorr(n)−1 = [f(n)−1]/0.54 in order to derive the nor-
malized variance of the photon numbers shown in Fig. 3.
With the cavity far from resonance and in the absence of
atoms (curve [a]), this is close to unity, as expected for
statistical noise. However, on resonance (curve [b]), there
is additional technical noise due to vibrations of the cav-
ity length. This curve has audio-frequency fluctuations,
which are also seen as distinct peaks in the Fourier spec-
trum of the noise recorded over longer time intervals. The
excess noise is suppressed by the arrival of the atoms at a
time t ∼ 35ms. In part this is because the reflection min-
imum is less sensitive to variations of cavity length when
the atoms are present. This suppression mechanism ac-
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FIG. 3: Normalized variance of the photon counts reflected
from the cavity as a function of time, determined from 48
drops. (a) Nonresonant cavity. (b) Resonant cavity. Horizon-
tal line: shot-noise limit. Vertical dashed line: arrival time of
the peak number of atoms.
counts for only half the noise reduction we observe. The
additional noise reduction is of unknown origin, but may
be quantum-mechanical [25]. This will require further in-
vestigation after the stability of the upper cavity length
has been improved using active stabilization of the lower
cavity (Fig. 1) during the atom drop.
The radiation pattern of an atom excited in the cav-
ity is strongly enhanced in the direction of the cavity
mode, a phenomenon known as the Purcell effect [19].
Thus the cavity enhances the emission of photons into
the single-mode fiber attached to the plane mirror. With-
out a cavity, only about 10−4 of the fluorescence photons
would radiate into the fiber. By contrast, for our param-
eters, the rate of emission into the cavity 2g2/κ is roughly
equal to the free-space rate 2γ. In order to demonstrate
this effect in our microcavities, we prepare and drop an
atom cloud as described above, monitoring the reflec-
tion of the weak probe laser to determine when the atom
number is at its peak value of N ≃ 1. At this point
we turn on a resonant laser beam (40mW/cm2) prop-
agating transverse to the cavity axis, in order to excite
the atoms. As shown in Fig. 4(a), the reflection signal
recorded on the APD drops abruptly when the excitation
laser is turned on. This is due to a combination of optical
pumping into the dark F = 2 state and physical removal
of the atoms from the cavity as a result of the radiation
pressure. The experiment is repeated without the probe
laser, but under otherwise identical conditions, so that
the cavity-stimulated photons can be detected using the
APD. As shown in Fig. 4(b), we see a burst of fluores-
cence at the moment of excitation. This is absent if there
are no atoms in the cavity or if the cavity is detuned from
resonance, confirming that the detected light is indeed
due to the Purcell-enhanced transfer of photons from the
excitation laser beam into the fiber via both the atoms
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FIG. 4: (a) Probe reflection signal showing abrupt atom loss
when the excitation laser is turned on. (b) Cavity-stimulated
decay generates a pulse of photons in the fiber when the atom
cloud is excited. The dotted line shows coincidence of the
photon pulse with the turn-on of the excitation laser.
and cavity. Typically we detect one or two photons in the
peak, which is consistent with the prediction of a master
equation model, taking into account cavity-enhanced op-
tical pumping into the dark F = 2 state and the number
of atoms known from Fig. 4(a). The efficiency of exci-
tation transfer from the atom to the cavity is limited at
present by the 50% of photons radiated out of the cavity,
but with the higher-quality F > 5000 cavities available in
our laboratory, we anticipate reaching over 92% in future
experiments. This would make our chip cavity a useful
source of photons on demand and the entanglement be-
tween the atom and the photon in the fiber would be a
useful resource for quantum information processing.
In conclusion, we have used a micro-fabricated opti-
cal cavity based on a silicon wafer to detect less than
one atom on average with a signal/noise ratio of 3 over
∼ 250µs. In the next experiment this cavity will be re-
built to give a much improved fringe visibility and hence
a reduced detection time of ∼ 2µs, allowing us to fol-
low a given single atom during the ∼ 15µs it takes to
fall through the cavity. Our cavity design results in a
large single-photon Rabi frequency, and cavity photons
are conveniently coupled to a single-mode optical fiber
or waveguide, which is integral to the construction. Cold
atoms falling through a cavity were detected by their
effect on the cavity reflection spectrum and by their in-
fluence on the noise in the reflected light. We also trig-
gered the emission of photons into the fiber by means of
the Purcell effect. These results constitute first steps to-
wards building an optical micro-cavity network on a chip
for applications in quantum information processing.
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